.
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The construct of unresolved trauma has provided a unique conceptual framework from which to understand the disruptive transgenerational impact of attachment-related trauma. The classification of unresolved trauma, as derived from the Adult Attachment Interview (AAI; George et al., 1985) , relies on relatively subtle and transient signs of absorption in past trauma (Hesse and van Ijzendoorn, 1999) , and taps into the degree to which past trauma exerts an ongoing influence on the present socioemotional experiences (Fearon and Mansell, 2001; Crittenden and Landini, 2011) . Two decades of longitudinal and cross-sectional research (van IJzendoorn, 1995; Hesse and Main, 1999; Schuengel et al., 1999; Lyons-Ruth et al., 2005) has shown that mothers with unresolved trauma are more likely to have infants who display profoundly disorganized attachment. These infants tend to show striking difficulties using the mother for comfort when distressed, and appear frightened and alarmed (e.g., showing immobilized behavior and dazed appearance) in the presence of their traumatized mothers. Despite the intense empirical scrutiny to which the topic has been subjected and the behavioral correlates identified (see Madigan et al., 2006 for review), the transgenerational mechanisms of unresolved trauma remain poorly understood. In the study reported here, we examine a neurobiological mechanism by which maternal unresolved trauma modifies maternal caregiving so as to disrupt the normative development of the offspring.
Ultimately, offspring survival and growth hinges upon the mother's inborn neuroanatomy and naturally occurring endocrine changes during the pre-and postpartum period (Rosenblatt, 1994) . However, the maternal brain critical to ensuring this vital process is also subject to modification by a number of maternal factors, most notably the mother's own history of adversity (e.g., trauma) and her current mood disturbance (Barrett and Fleming, 2011) . As seen in animal models (Rosvold et al., 1954; Dicks et al., 1968) , the human amygdala has long been associated with social behavior (Adolphs et al., 1998) , and a host of social dysfunctions have implicated abnormalities in this neural structure (Baron-Cohen et al., 2000; Rosenfeld et al., 2011) .
Consistent with the long-held focus on fear recognition in the amygdala literature (Adolphs et al., 1994; Vermetten and Lanius, 2012) , extant research has emphasized NEURAL CORRELATE OF UNRESOLVED TRAUMA 6 the role of the amygdala in the generation of alerting signals that evoke avoidance behaviors. In recent years, however, the functions associated with the amygdala have been extended well beyond that of threat appraisal (Adolphs, 2010; Morrison and Salzman, 2010) to encompass the amygdala's central contribution to the appraisal of personal and social salience (Sander et al., 2003; Ewbank et al., 2009; Adolphs, 2010; Markowitsch and Staniloiu, 2011; Strathearn and Kim, 2013) . The amygdala, now seen as integral to the so-called "maternal circuitry," is considered a key neural substrate supporting maternal responsive attunement (Barrett and Fleming, 2011) . Drawing from nearly two decades of animal research as well as a steadily growing body of human neuroimaging studies, current view holds that the amygdala, spontaneously recruited at the mother's sight of her child (Leibenluft et al., 2004; Ranote et al., 2004; Strathearn et al., 2008) , interacts with the reward regions of the brain (e.g., nucleus accumbens; Ambroggi et al., 2008) to enhance the perceived appetitive value of infant stimuli (Morrison and Salzman, 2010) , ultimately functioning to upregulate the mother's attention and responsiveness to her infant (Numan et al., 2010) .
Trauma-induced neurobiological changes have been widely documented within the amygdala (Mitra et al., 2005; Sabatini et al., 2007; Tottenham et al., 2010; McCrory et al., 2011) . The amygdala has been recognized as a primary locus of change in the aftermath of trauma (Caldji et al., 2000; Rauch et al., 2006; Lupien et al., 2009) and, as such, it is thought to be a crucial mediator of the long-term socio-emotional sequelae of trauma. In animals these changes (Fleming et al., 2002; Caldji et al., 2003) have been specifically linked to compromised maternal caregiving behavior (Troisi and D'Amato, 1991; Maestripieri et al., 2005) , but the research on the corresponding mechanisms in NEURAL CORRELATE OF UNRESOLVED TRAUMA 7 humans is still in its nascent stage. Neuroimaging studies have widely documented amygdala hyperactivity in individuals with acute trauma exposure (Rauch et al., 2000; Protopopescu et al., 2005; Williams et al., 2006) , although growing evidence now suggests that distinctive clinical and neurobiological features emerge [Page 354 ] following prolonged or chronic trauma, as in attachment-related trauma. Contrary to the heightened emotional responses (e.g., hyperarousal, re-experiencing) commonly observed in single, acute, adult-onset trauma, blunted emotional responses (e.g., emotional numbing, dissociation) have been reported in cases of prolonged, recurrent, early-onset trauma (Frewen and Lanius, 2006b; Lanius et al., 2010) . Similarly, a contrasting pattern of amygdala reactivity is also seen in the brain, with hyperactive responses characterizing the former and hypoactive responses seen in the latter. A series of studies (Nijenhuis et al., 1998; Frewen and Lanius, 2006a) have conceptualized this hypoarousal as being akin to the defensive numbing (Bowlby, 1988) that develops upon continued traumatization. The excessive emotion modulation (or suppression) continues to be seen in the trauma's aftermath in the presence of traumareminiscent cues, with rapid habituation buffering against the dysregulating content of trauma-related memories (Frewen and Lanius, 2006b) .
It is well established that maternal responsiveness to infant distress is central to the formation of infant attachment security (Ainsworth et al., 1978; McElwain and BoothLaForce, 2006; Beebe et al., 2010) . A considerable consensus also exists on the NEURAL CORRELATE OF UNRESOLVED TRAUMA 8 challenge that maternal attachment trauma, particularly when unresolved, presents to the mother's attunement to and management of her infant's distress (Solomon and George, 2011) . Although this has not yet been the subject of direct empirical scrutiny, attachment researchers have long speculated that infants' distress signals may activate unresolved traumatic memories in their respective mothers, thereby initiating a cascade of compromised maternal responses (Fonagy et al., 1995; Lyons-Ruth et al., 1999; Schuengel et al., 1999) . Given the longstanding, repetitive, and early-onset nature of attachment-related traumas (Frewen and Lanius, 2006b) , we predicted that mothers with such trauma would demonstrate blunted emotional responsiveness when cued by their own infants' distress, linked to abnormal patterns of rapid habituation. Preliminary support for this view comes from behavioral studies of mother-infant dyads, which document these mothers' emotional withdrawal from and seeming denial of their infants' distress (Lyons-Ruth et al., 1999; Goldberg et al., 2003; Beebe et al., 2010) .
In the present study of mothers with unresolved trauma, we pursue a neurobiological investigation testing this hypothesis regarding blunted responsiveness.
We employed a well-validated fMRI face paradigm (Strathearn et al., 2008) in which mothers viewed images of their own infants in the scanner, interspersed with those of unknown infants. Using happy face images as an affective control, we charted patterns of the mother's amygdala response to sad infant face images-comparing those of her own with those of an unknown infant. Unlike mothers with no trauma, in whom the salient signal of infant distress would elicit robust amygdala activation, we predicted that mothers with unresolved trauma would demonstrate blunted amygdala responses to sad faces of their own infant, manifesting with prolonged exposure to the target stimulus.
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Methods
Participants
Participants consisted of 42 first-time mothers aged 19 to 41 (M = 28.2 ± 0.7) years, recruited through local prenatal clinics and community advertisements as part of a larger study. Of 61 participants initially enrolled during the third trimester of pregnancy, 44 completed the scanning visit; the scans of two participants were additionally discarded due to poor quality and technical problems. All participants were right-handed, were free of past or present alcohol or substance abuse, were clear of nicotine use during pregnancy, and were not on psychotropic medications at the time of the study.
Each participant provided written informed consent in accordance with the protocol approved by the institutional review board at Baylor College of Medicine.
Study Design
We adopted a longitudinal design: assessment of mothers' unresolved trauma occurred during the third trimester of pregnancy, images of the infants were taken at 7 months postpartum, and mothers' amygdala responses to those images were measured via fMRI at 11 months postpartum.
Instruments and Evaluation
The presence of unresolved trauma or loss was evaluated using the modified version of the AAI (George et al., 1985; Crittenden and Landini, 2011) during the prenatal visit in the third trimester of pregnancy. The AAI is a semi-structured interview consisting of a series of probes designed to elicit [Page 355 ] attachment-related autobiographical memories. Unresolved trauma or loss is indicated in this assessment by linguistic breakdowns (e.g. sudden slips or lapses of grammar) during discussions of trauma or loss. These disturbances in speech are thought to reflect brief collapses in discourse strategy due to momentary activation of and interference from avoided, segregated, and unassimilated traumatic information (Hesse and Main, 1999; Fearon and Mansell, 2001; Crittenden and Landini, 2011) .
Following the conceptualization of Bowlby (1982) and Crittenden (2011) , loss is treated as a subcategory of trauma and hereafter encompassed under "unresolved trauma."
The AAIs were audio-recorded, transcribed, and blindly coded by reliable raters in accordance with the Dynamic Maturational Model (DMM) of Attachment and Adaptation (Crittenden and Landini, 2011; Landa and Duschinsky, 2013) . The DMM method was chosen because of its focus on clinical phenomena, with expanded questions relating to past trauma (Shah and Strathearn, 2014) , and validation from previously published neuroimaging data (Strathearn et al., 2009 ). The intraclass correlation for the unresolved trauma classification was .86.
Several maternal characteristics were additionally assessed as potential confounds. Mothers were screened for symptoms of depression and personality disorders using the Beck Depression Inventory-II (BDI-II; Beck et al., 1996) and Personality Disorder Questionnaire 4+ (PDQ-4+; Hyler et al., 1992) , respectively.
Maternal parenting stress was assessed using the Parenting Stress Index (PSI; Abidin, 1995) , and maternal temperament was measured via the Adult Temperament Questionnaire-Short Form (ATQ; Rothbart et al., 2000) . For details on the psychometric properties of these instruments, see Shah et al. (2010) . 
Stimuli and fMRI Paradigm
fMRI Data Analysis
Preprocessing and analyses of the fMRI data were performed using the BrainVoyager QX, version 2.3.1 (Brain Innovation, Maastricht, The Netherlands). Prior to analysis, BOLD images were corrected for slice timing and realigned to the first volume for head motion correction. Functional data were then coregistered with the anatomical data, transformed into 3 x 3 x 3 mm isotropic voxels, and normalized into the Talairach space. Spatial smoothing was not performed. Analyses were performed at two levels: first within the predefined region of interest (ROI) to test our a priori hypothesis, followed by the whole-brain voxel-wise analysis to evaluate the ROI findings in the context of the whole brain.
A random-effects ROI analysis was carried out in two steps. First, a general linear model (GLM) was specified for each functional run, which modeled the expected BOLD signal change for each experimental condition (OH, OS, UH, and US) using a hemodynamic response function. The resulting regression weights (β) were then ztransformed and extracted from our a priori ROI, bilateral amygdala, for second-level random-effects analyses. The extracted β values for run 1 and 2 represented znormalized BOLD signal change values in voxels of the bilateral amygdala for early and late phases of the experiment, respectively. We utilized the amygdala mask (Figure 2) derived from the SPM Anatomy Toolbox (Eickhoff et al., 2005) , converted for use within BrainVoyager. Its anatomical specificity was cross-checked using a published atlas (Mai et al., 2004) .
The BOLD signal change data extracted for early and late phases of the experiment were submitted to mixed-effects linear regression analysis with the STATA/SE, version 11.2 XTMIXED procedure. Mixed-effects models allow for explicit modeling and analysis of within-and between-subject heterogeneity, provide greater flexibility in specifying the best-fitting parsimonious structure over traditional models of repeated-measures analysis, and thus generally enable statistically more powerful comparisons of the contrasts of interest. BOLD signal data were inspected for normality NEURAL CORRELATE OF UNRESOLVED TRAUMA 14 via quantile-quantile plots of residuals against fitted values. Missing data were imputed using linear interpolation and mean substitution for the four participants who did not complete part of the late phase of the study. Model building was carried out as follows: Whole-brain analysis was carried out using random-effects GLM with subject as a random factor. Between-group differences (unresolved trauma vs. no trauma) in BOLD signals were evaluated in the 2 (trauma) x 2 (identity) x 2 (affect) ANOVAs, separately for early and late phases. A statistical threshold of FDR corrected q < .05 and a cluster threshold of ≥ 100 mm 3 were used to determine clusters of significant activation.
Results
Participant Characteristics
Participant characteristics are shown in Table 1 for the no trauma (n = 25) and unresolved trauma (n =17) groups. Participants were a non-clinical sample of mothers who were generally of middle to high socioeconomic status, with 75 percent holding a college or postgraduate degree. All mothers scored negative for symptoms of depression as assessed by the BDI-II, except one mother in the no trauma group who scored in the mildly depressed range. All scored below the clinical range for personality disorders and parenting stress as assessed by PDQ-4+ and PSI, respectively. No significant differences were observed between the two groups for any of the measured sociodemographic or behavioral variables.
fMRI Findings
Means and standard errors of early-and late-phase amygdala BOLD responses are listed in Table 2 [ Table 2 ]
.0001). Significant fixed effects included: main effect of phase (β phase = -.48, 95% CI = -.88 to -.08, z = -2.37, p = .018) and identity (β identity = .92, 95% CI = .65 to 1.20, z = 6.61, p < .001), 2-way phase x identity (β phase x identity = -.77, 95% CI = -1.16 to -.38, z = -3.89, p < .001) and affect x identity (β affect x identity = -.54, 95% CI = -.93 to -.15, z = -2.74, p = .006) interactions, which were qualified by the 4-way trauma x phase x identity x affect interaction (β trauma x phase x identity x affect = -1.11, 95% CI = -1.97 to -.24, z = -2.51, p = .012).
To decompose the nature of the 4-way interaction, mixed-effects models were fitted separately for early and late phase BOLD data. No effect of trauma emerged in the early phase, while a significant interaction effect of identity and affect was found, in line with the results reported in Strathearn and Kim (2013) revealed a simple effect of affect for own infant faces in both no trauma and trauma groups (z = 3.00, p = .003 and z = -2.38, p = .017 respectively), with the direction of the effect reversed in the two groups: whereas mothers with no trauma showed a greater amygdala response to sad than happy faces of their own infant, mothers with trauma displayed a blunted amygdala response to their own infants' sadness as compared to happiness (Table 2 and Figure 2 ). For unknown infant faces, the simple effect of affect was not observed in either the no trauma (z = 1.14, p = .254) or trauma groups (z = 1.10, p = .273).
On whole-brain analysis, the 2 (trauma) x 2 (identity) x 2 (affect) ANOVAs yielded no significant findings at the stringent statistical threshold of FDR corrected q < .05.
However, a 3-way trauma x identity x affect interaction emerged in the amygdala in the late phase when the threshold was dropped to p = .01 (uncorrected). Consistent with the ROI analysis, blunted activity was seen in the amygdala when mothers with unresolved trauma viewed sad faces of their own infants. The blunting of the amygdala response was not found in the early phase or in response to images of unknown infants.
Discussion
The present results are the first, to our knowledge, to show that mothers with unresolved trauma demonstrate blunted amygdala responsiveness to the distress cues of their own infants. As hypothesized, the blunting of the maternal amygdala response was observed only in attachment-related contexts, when these mothers viewed images of their own infants. Furthermore, the effect was specific to sad faces, as opposed to happy faces, of the mother's own infant. This finding corroborates observations emerging from behavioral studies of mother-infant dyads (Beebe et al., 2010) , [Page 359 ] underscoring that traumatized mothers may not evidence a global impairment of emotional engagement, but rather a remarkably specific failure of attunement during moments of infant distress. By contrast, the response profile obtained for nontraumatized mothers was consistent with that frequently reported in the amygdala literature, with heightened amygdala responsiveness observed for the negative affect in comparison to the positive affect displayed by their own infants.
To date, only a small body of research has examined attachment-related differences in maternal brain response to infant cues. The few existing studies, including our own previous work using a subset of the present sample (Strathearn et al., 2009), have elucidated the role of attachment security by comparing individuals who have secure attachment to those who have insecure attachment. Of these, two recent studies (Riem et al., 2012; Lenzi et al., 2013) documented heightened amygdala response by utilizing unknown infant cues to probe amygdala responsiveness in insecurely attached nulliparous women. Hence we extend the scant literature by going beyond mothers' attachment insecurity to document the role of their unresolved trauma in modulating their amygdala response. The present work is also the first to contrast mothers' own infant cues with unknown infant cues to demonstrate that the blunting of the amygdala in mothers with unresolved trauma is specific to attachment-related contexts. This is particularly noteworthy given recent reports demonstrating that amygdala (dys)functions manifest in a highly context-specific manner (Adolphs, 2010; Strathearn and Kim, 2013) .
It is important to note that, as hypothesized, the blunted pattern of amygdala activation was found only in the late phase of the study. Little difference in BOLD responses between individuals with unresolved and resolved trauma could be detected in the first half of the experiment. The effect of trauma status was seen only in response to attachment activating stimuli (participant's own distressed infant) in the second half of the study when the anomalous excessive blunting of emotional response manifested (Nijenhuis et al., 1998; Frewen and Lanius, 2006a) . At least three explanations of the observed pattern are plausible. First, an examination of our data shows evidence of amygdala habituation (i.e., decrement in amygdala response magnitude in the late phase) in both groups of mothers. The function of habituation lies in reducing responses to inconsequential stimuli, while maintaining one's responsiveness to salient, novel, unexpected stimuli (Groves and Thompson, 1970; Rankin et al., 2009) . To nontraumatized mothers, distress cues of their own infants are relatively unexpected, novel, and accordingly salient (Beebe et al., 2010) ; sad images of their own infants may hence have diminished habituation and elicited increased amygdala response in these mothers. Second, contrary to the modest habituation displayed by non-traumatized mothers to the sad faces of their infants, we speculate that there may be emotional suppression at play in their traumatized counterparts. The blunting of their amygdala response observed in the late phase is beyond what would be expected from ordinary habituation. We understand this as a reflection of active suppression in these mothers at the continued sight of their infants' distress. As has previously been suggested (Lyons-Ruth et al., 1999; Solomon and George, 2011) , repeated cues of their infants' distress may have been less tolerable for mothers with unresolved trauma, who themselves have experienced prolonged distress in attachment relationships. Third, a ceiling effect in the early phase could have obscured a subtle blunting. Infant faces have a unique salience to their respective mothers, and hence constitute powerful elicitors of amygdala activity, particularly at the time of initial presentation (Leibenluft et al., 2004; Ranote et al., 2004; Strathearn et al., 2008) . More subtle inter-and intra-group differences could have been masked by the heightened salience of the own infant cues in the early phase.
While the observed data are consistent with all three of these possibilities, the results provide a neurobiological underpinning for how mothers with unresolved trauma transmission of trauma. We may speculate that the blunting of response is maintained because it serves the function of protecting the mother from re-experiencing dysregulating memories of her own trauma. Yet, as an inevitable corollary, the infant is left psychologically 'alone,' with no one to share, join in, or mitigate his emotional pain.
On the basis of research on profoundly insecure mother-infant attachment, we theorize that this has traumatologic potential, as trauma results from the combination of extreme emotional distress experienced in psychological isolation, such that the distress is prolonged and unrelieved (Allen, 2013 ). Our findings offer a possible picture of how these mothers, who manifest indications of ongoing traumatization, are at an increased risk of leaving their child alone in unmitigated distress, due to the psychobiological vulnerability generated by their own trauma.
Several limitations of the study should be recognized. First, although we have conceptually distinguished unresolved trauma from PTSD (Harari et al., 2009 ), we did not conduct a formal screening for PTSD in our sample. However, all measures utilized in the study yielded no evidence of psychopathology in our sample. Second, our sample consisted largely of middle to upper class mothers of average to above-average intelligence, and hence may not have been representative of the general population. We also note, given the nature of the study, that mothers with unresolved trauma, especially those with concerns relating to upcoming motherhood, may have been more likely to volunteer. This may have contributed to the relatively high prevalence of unresolved trauma in our sample. Third, we coded the AAI using Crittenden's DMM method which has been validated less thoroughly than the Berkeley AAI system (Main et al., 2003) , despite the usefulness of the DMM in the study of clinical phenomena (Fonagy, 2013; Landa and Duschinsky, 2013) .
The present study marks the first attempt to delineate neurobiological correlates of at-risk mothering in mothers with unresolved trauma. We have found evidence consistent with the assumption that maternal unresolved trauma, even in the absence of blatant symptoms (e.g., PTSD), can undermine optimal maternal response to infant distress. Neural indications of possible maternal disengagement from infant distress may be part of a process linking maternal unresolved trauma and disrupted maternal caregiving. These results point us toward a strategy for intervening in mother-infant dyads where maternal trauma presents a challenge. Helping mothers maintain their engagement during moments of infant distress may be a particularly promising path toward restoring and bolstering attachment security during the crucial period of infant development.
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